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ABSTRACT 


This  waa  a  research  and  development  progrem  on  lined  gun  barrels 
directed  toward  selecting  desirable  barrel  and  liner  material  ccobina- 
tions  which  will  increase  the  life  of  barrels  in  rapid  fire  gun  systems 
and  developing  the  fabrication  processes  for  producing  these  barrels  with 
a  metallurgically  bonded  liner.  Coextrusion  was  used  as  the  method  for 
producing  the  -lined  barrel  stock.  The  program  was  divided  Into  two  parts 
with  the  first  pert  directed  toward  producing  lined  .220  Swift  barrels  of 
selected  material  conblnatlons  for  testing  in  the  M-60  gun.  ISie  second 
part  was  directed  toward  producing  a  test  quantity  of  23iiim  barrels  for 
testing  in  the  GAU-T/A  Gun  System  using  the  oest  material  combinations 
and  the  fabrication  techniques  developed  in  the  first  part.  Coextrusion 
was  used  as  the  method  for  producing  the  lined  barrel  stock.  A-286  stee 
was  selected  as  the  barrel  material,  and  TZM,  Mo-0.5Ti,  l605»  Ta-lOW,  ana 
T-222  were  selected  as  the  liner  materials  for  the  barrels.  All  the 
liners  coextruded  with  the  barrel  steel  satisfactorily  over  a  small  man¬ 
drel  except  T-222.  The  four  successfully  coextruded  combinations  were 
fabricated  into  .220  Swift  barrels  with  swaging  being  used  to  rifle  the 
barrels.  The  A-286  steel  with  an  L603  liner  was  selected  as  the  most 
premising  combination  for  the  25mm  barrels.  The  lined  barrel  blanks  were 
produced  by  coextruhion  on  a  3850-ton  press  using  a  mandrel.  The  co"'- 
truded  blanks  were  fabricated  into  GAU-7/A  barrels  by  Philco-Forcl  Cor^)!.  - 
ration. 


Distribution  limited  to  U.  S.  Goveiiment  agencies  -aly , 
this  report  documents  test  and  evaluation;  ulstributicn 
limitation  applied  December  1972.  Other  request. for 
this  docximent  must  be  referred  to  the  Air  Force  .■  mtuaeriL 
Laboratory  (DLDG),  Eglin  Air  Force  Base.  Florida  325^4.-' 
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SECTION  I 


INTRODUCTION 


The  Air  Force  is  faced  with  the  challenge  of  producing  a  rapid  fire 
aircraft  gun  system  which  can  fire  large  projectiles  at  high  velocities 
and  thus  increase  the  probability  of  inflicting  a  kill  on  a  fast  moving 
air  target,  nie  high  firing  rates  and  the  increased  propellant  loads 
produce  gun  barrel  erosion  to  the  extent  that  serious  limitatloDs  are 
imposed  on  the  gun  systems.  Materlails  evaluations  in  gun  barrel  tests 
have  shown  that  Improved  erosion  and  weanr  resistance  can  be  achieved  '  i 
heat  resisting  alloys  and  high  melting  jjolnt  refractory  'loys  are  ' 
as  barrel  liners.  Due  to  their  high  density,  high  cost  oor  duct  ^y, 
poor  fonoablllty,  and  difflctilt  machining  chairacteristi.  these  oys 

are  generally  not  practical  for  the  major  portion  of  the  rrel  b.  may  be 

considered  as  a  barrel  liner.  The  rest  of  the  barrel  maj  -nen  be  .  ie  of 
lower  cost,  more  easily  fabricated  materials  which  have  the  desired  elevated 
temperature  strengths  and  ductility  to  perform  satisfactorily  under  the 
severe  stresses  imposed  during  firing. 

The  purpose  of  this  program  was  first  to  develop  fabrication  techniques 
and  produce  several  .220  Swift  barrels  lined  with  five  different  materials 
for  test  firing  on  the  M-60  weapon.  This  test  simulates  conditions  experi¬ 
enced  in  the  larger  caliber  gun  system  with  a  small  caliber  weapon.  Ihe 
technology  developed  for  producing  the  .220  Swift  lined  barrels  and  the 
most  promising  material  combination  will  be  utilized  to  fabricate  a  small 
quantity  of  25mm  lined  barrels  for  testing  in  the  aircraft  gun  system. 

High  temperature,  heat  resistant  A-286  steel  was  selected  as  the  barrel 
material  to  ue  used  in  both  the  .220  Swift  and  the  25iiin  barrels.  The 
molybdenum  adloys  T^  and  Mo-0.5Ti,  the  tantedum  alloys  T-222  and  Ta-lOW, 
and  the  cobalt  alloy  L605  were  selected  as  liner  materials  for  the 
.220  Swift  barrels.  The  alloy  L605  was  selected  as  the  liner  in  the 
25nim  test  baxrels.  The  barrel  liters  were  metallurgically  bonded  to  the 
barrel  material  by  coextrusion.  The  rifling  in  the  .220  Swift  barrels  was 
produced  by  swaging;  however,  the  gain  twist  rifling  in  the  25mm  barrels 
was  produced  by  machining. 


SECTION  II 


SUMMARY 


.220  SWIFT  BARBEL  PROGRAM 


Duplex  billets  of  A-286  steel  vlth  TZM»  Mo-05Ti,  L605»  Ta-lOW  alloy 
liners  were  successfully  coextruded  over  a  mandrel  into  lined,  small  bore 
gun  barrel  stock.  From  these  coextrualons  twelve  .220  Swift  barrels  were 
fabricated  for  testing  on  the  M-60  gun.  Three  barrels  each  with  TZM, 
Mo-0.5Ti,  L605,  and  Tei-lOW  liners  were  supplied  for  test  firing  and 
evaluation.  An  attempt  to  coextrude  T-222  alloy  lined  A-286  barrel  stock 
was  not  successful  as  the  T-222  would  not  coextrude  uniformily  with  the 
A-286  and  instead  extruded  in  lumps.  An  attempt  to  coextrude  the  T-222 
with  the  higher  strength  CG-27  steel  showed  little  improvement. 

All  the  lined  .220  Swift  barrels  produced  in  this  program  were  rifled 
by  swaging.  The  coextruded  stock  was  prepared  for  rifling  by  chemically 
removing  the  extrusion  sleeve  material  from  the  bore  and  honing  the  bore 
to  the  desired  finish  and  size  for  swage  rifling.  The  rifling  step  was 
performed  on  a  U-die  swage  using  a  modified  swaging  technique  which 
prevented  locking  the  short  carbide  rifling  mandrels  in  the  workpiece. 

All  barrels  were  preheated  and  warm  swage  rifled  to  prevent  cracking 
the  liners. 

25MM  BARREL  PROGRAM 

Three  duplex  25mB  barrels  were  produced  from  coextruded  barrel  stock 
for  testing  in  the  GAU-7/A  gun  program.  These  barrels  were  A-286  with  an 
L605  liner.  The  coextrusion  techniques  were  basically  the  same  as  those 
used  in  the  .220  Swift  barrel  program.  The  barrel  stock  was  extruded  from 
8-inch-diameter  billets  on  a  3850-ton  accumulator  press.  The  four  billets 
extruded  in  Phase  I  of  this  program  showed  that  it  was  feasible  to  produce 
lined  barrel  stock  for  this  size  of  gun  by  coextrusion.  The  necessary 
changes  in  the  billet  design  and  extrusion  conditions  were  made  for 
Phase  II,  and  four  billets  were  successfully  extruded.  Three  of  these 
were  machined  into  QAU-7/A  barrels. 

The  barrel  blanks  were  prepared  for  rifling  by  chemically  removing 
the  extrusion  sleeve  material,  age  hardening,  and  honing  the  ID  to  the 
required  gun  bore  size  and  finish.  The  gain  twist  rifling  in  this  barrel 
was  produced  by  machining  as  this  type  of  rifling  cannot  be  formed  by 
swaging  over  a  mandrel  as  can  constant  twist  rifling.  Tlie  L605  liner  was 
foxind  to  be  readily  machinable  during  rifling,  allowing  the  use  of  the 
standard  GAU-7/A  macliinlng  technique. 
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SECTIOH  III 


BARREL  AHD  LIHER  MATERIALS 


BARREL  MATERIAL 


The  heat  resistant  A-286  steel  was  selected  for  evaluation  as  a  high 
teoperature  gun  barrel  materlail  in  this  program .  A  barsrel  material  should 
have  good  notch  toughness  and  reasonable  yield  strength  up  to  at  least 
1^00*^P  to  be  an  acceptable  gun  barrel  aateried.  The  A>^86  steel  is  aus¬ 
tenitic  under  all  conditions  of  heat  treatment  and  has  good  continuous 
atmospheric  corrosion  resistance  to  1300*^  with  good  intemlttent  oxidation 
resistance  to  1500®P.  Optimum  properties  are  obtained  by  a  solution  heat 
treatment  and  an  aging  treatment.  The  material  is  readily  forgeable  but 
has  more  resistance  to  defonnation  than  the  standard  BOO-series  stainless 
steels. 

Following  sure  some  typical  values  of  A-286  steel  after  solution 
heating  to  1800®F  with  an  oil  quench  and  aging  at  1325®P  for  l6  hours. 


a-286  (Iron  Base  -  15  Cr  -  26  Hi 

-  1.3  Mo  -  2.1  Ti 

-  0.3V) 

Tensile  Properties 

Test 

Yield  Strength 

Tensile 

Elongation 

Temperature  ^ 

°P  0.21^  Offset,  psi 

Strength,  psi 

* 

70 

93,500 

143,500 

24.0 

1000 

90,500 

132,000 

18.8 

1200 

86,000 

103,000 

13.0 

lUoo 

54,000 

64,000 

18.5 

Hot  Hardness 

Test 

Rockwell 

Temperature .  ®F 

Hardness 

70 

26.0  RHC 

800 

97.0  RKB 

1000 

95.5  RH3 

1200 

92.5  RHB 

Impact  Strength,  Charpy  V-Notc:. 

Test 

Temperature , 

ft-  lb 

-100 

68.0 

TO 

64.0 

1000 

45.5 

1500 

50.0 
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The  A-286  material  for  the  .220  Swift  barrels  was  purchased  to 
'■  :T;ispace  Materia’  Specification  (AMS)  573TD.  Hie  material  for  the  25nin'. 
I'urreis  was  p'xrchused  to  Aerospace  Material  Specification  5736E. 

Copies  of  the  material  certifications  are  shown  in  Appendices  II  and  V. 

LINER  MATERIALS 


The  materials  selected  for  evaluation  as  liners  in  the  .220  Swift 
barrel  tests  were  two  molybdenum  alloys  TZM  and  Mo-0.5T1,  two  tantalum 
alloys  T-222  and  Ta-lOW,  and  one  cobalt  alloy  L605.  The  L605  alloy  was 
■Iccted  as  the  liner  for  the  2500  barrels.  All  alloys  have  good  high 
> --m:  erature  properties  which  are  desirable  for  barrel  liners. 


Following  are  some  typical  mechanical  properties  for  these  alloys: 


TZM  (Molybdenum  Base  -  0.5  Ti  -  0.08  Zr) 

Condition:  Rolled  or  Forged  at  2200®F  and  Stress 
Relieved 


Test 

Temperature ,  ®P 

Short-Time  Tensile 

Yield  Strength 
O.l/l  Offset,  psi 

Properties 

Tensile 
Strength,  psi 

Elongation, 

% 

R.T. 

102,  It 

119,600 

29 

1800 

71*. 9 

77,300 

15 

2000 

61t.3 

73,100 

17 

2lt00 

33.3 

53,500 

29 

Hot 

Temperature 

op 

Hardness 

,  Diamond  Pyramid 

Hardness 

R.T. 

220 

1800 

200 

2000 

180 

2UOO 

130 

Condition 

Test 

Temperature,  ®F 

Molybdenum  Base  -  0.5  Ti 

1:  Rolled  and  Stress  Relieved  at  1800®F 

Short-Time  Tensile  Properties 

Yield  Strength  Tensile 

0.1/S  Offset,  psi  Strength,  psi 

Elongation, 

% 

R.T. 

99,100 

132,100 

31 

750 

89 ,000 

110,000 

-18 

1200 

8lt,000 

100,500 

17 

iGoo 

76,500 

88,300 

15 

It 


Condition  2:  Forged  or  Rolled  and  Stress  Relieved 
at  2100®F 


Test  Temperature,  ®F  R.T. 

Yield  Strength  0.2^  Offset,  psi  9^.7 
Tensile  Strength,  psi  112.1 

Elongation,  %  10 

Diamond  lyramld  Hardness  262 


T-222  (Tantalum  Base  -  10  W  -  2.5  HF  -  0.012  C) 
Condition:  Hot  Fabricated,  Rolled,  and  Recrystallized 


Short-Time  Tensile  Properties 


Test 

Yield  Strength 

Tensile 

Elongation, 

Temperatiire .  ®P  0.2^  Offset,  psi 

Strength,  psi 

% 

R.T. 

105.0 

110.0 

25 

400 

78.8 

86.0 

28 

2000 

40.8 

77.6 

18 

2200 

38,4 

67.3 

17 

2400 

37.8 

53.4 

20 

Hardness  at  Room  Temperature 

238  -  280  Diamond  Pyramid 

Hardness 

Tantalum  Base 

-  10  w 

Short-Time  Tensile  Properties 

Test 

Yield  Strength  Tensile 

Temperature , 

0.2^  Offset,  Strength,  Elongation, 

®F 

psi  psi 

% 

Condition 

R.T. 

74,300  89,400 

40.0  Recrystallized 

R.T. 

115,000  133,000 

33.0  Stress 

Relieved,  2190'' 

1500 

95,000  103,000 

12.0  As-Rolled 

Sheet 

2200 

41,000 

12.0  Recrystallized 

2500 

19,000  20,000 

20.0  As-Rolled 

Sheet 

Impact  Strenjcth.  Charpy  Keyhole 

Test 

Temperatxire ,  **F  ft-lh 

0  100 

l»00  105 

800  lUO 
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L603  (Cobalt  Base  -  20  Cr  -  10  Ml  -  15  W  -  1.5  Mo  -  O.IC  C) 

Condition:  Solution  Annealed  at  2200®? 
and  Rapid  Cooled 

Short-Time  Tensile  Properties 

Test  Yield  Strength  Tensile  Elongation, 

Temperature,  0.2%  Offset,  psi  Strength,  psi  _ 2 _ 


R.T. 

85,800 

160 ,700 

1*7.0 

1000 

53,900 

130,600 

1*0.0 

lUOO 

1*9,000 

73 ,000 

12,0 

1600 

37.000 

1*0,000 

25.0 

ISOO 

27,500 

29,200 

37.0 

Impact  Strength 

Test 

Temperature,  ®F 

ft-lb 

IVpe  of  Test 

-58 

llU 

Izod-notched 

R.T. 

120 

Izod-nothced 

1000 

198 

Charpy-V  notch 

lUOO 

IU5 

Cheurpy-V  notch 

1600 

120 

Charpy-V  notch 

1800 

105 

Charpy-V  notch 

Hot 

Hardness 

Test 

Rockwell 

Temperattire 

,  ®7 

Hardness 

R.T. 

21  RHC 

800 

79  RHB 

1000 

77  HHB 

1200 

76  RHB 

The  molybdenum  alloy  materials  were  both  purchased  to  Aerospace 
Material  Specifications,  the  T2M  alloy  was  purchased  to  AMS  7819^  and 
the  M0-O.5TI  alloy  to  AMS  7813.  Both  the  TZM  and  M0-O.5TI  materials  were 
recrystallized  prior  to  machining  into  billet  components.  The  TZM  alloy 
was  recrystallized  at  2800®?,  and  the  Mc-0.>T1  alloy  was  recrystallized  at 
2600®r.  The  Ta-lOW  alloy  was  purchased  fully  recrystallized  to  Aerospace 
Material  Specification  781*8,  and  the  T-222  alloy  was  purchased  in  the 
recrystallized  condition  to  requirements  specified  in  the  purchase  order. 
The  L605  material  was  purchased  in  the  solution  heat-treated  condition  to 
Aerospace  Materied  Specification  5759D.  Copies  of  all  material  certifica¬ 
tions  are  included  in  Appendix  II  and  V. 
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SECTION  IV 


.220  SWIFT  BAIIREL  FABRICATION 


FABRICATION  APPROACH 


Each  fabrication  step  used  in  producing  the  .220  Svift  barrels  is 
given  in  the  proper  sequence  in  Table  I.  Ibe  lined  barrel  stock  vae 
produced  by  coextrusion  which  provides  a  full  length  uniform  liner  that 
is  metallurgically  bonded  to  the  barrel  steel  during  the  hot  extrusion 
step.  All  the  barrels  were  swage  rifled  as  some  of  the  liner  materials 
are  very  difficult  to  machine,  particularly  the  molybdenum  and  tantalum 
alloys.  Barrel  chambering  and  OD  contouring  were  by  conventional  machin¬ 
ing  methods. 

The  barrel  fabrication  process  is  divided  into  seven  areas  for  this 
discussion:  (l)  billet  fabrication,  (2)  coextxnision  of  barrel  stock, 

(3)  blank  preparation,  (U)  rifling,  (5)  heat  treatment,  (6)  final  machin¬ 
ing  and  inspection,  and  (7)  socket  and  cylinder  assembly. 

Billet  Fabri cation 


The  design  of  the  composite  coextrusion  billets  used  for  coextrusion 
of  the  lined  barrel  stock  is  illustrated  in  drawing  R-192?,  which  Is 
Figure  I-l  in  Appendix  I.  An  assembled  billet  is  shown  in  Figure  1.  The 
center  sleeve  and  both  end  caps  were  fabricated  from  30h  stainless  steel 
to  prevent  excessive  oxidation  of  these  parts  during  billet  preheat.  The 
center  billet  sleeve  on  the  initial  billets  was  O.OUO  inch  thick,  but  in 
billets  T22,  TW2,  TW3,  L53,  L54,  TM2,  TM3,  MT2,  and  MTS  the  center  sleeve 
wall  was  increased  to  0.058  inch  to  reduce  the  chilling  effect  of  the 
relatively  cold  mandrel  and  mandrel  sleeve. 

The  machined  billet  components  were  clewed  prior  to  assembly  by 
first  degreasing  in  trichlorethylene  followed  by  deionized  water  and 
alcohol  rinses  and  an  air  dry.  Prior  to  rinsing  the  outer  diameter  eur- 
face  of  the  liner  was  abrasive  dry-blasted  vising  glass  beads  to  remove 
surface  oxides.  Initially,  the  billets  were  assembled  and  vacuum  sealed 
by  electron  beam  welding.  However,  billets  T21,  TWl,  MTl,  and  L52  were 
found  to  be  lesdiers  producing  a  poor  bond  between  the  liners  and  the 
barrel  steal  in  the  extrusion.  The  leaks  were  found  to  be  from  small 
cracks  generated  in  the  A-286  steel  during  electron  beam  welding.  Sub¬ 
sequent  welds  were  made  by  TIG  welding  using  a  Hastalloy  W  filler  mate¬ 
rial.  The  inside  of  the  billet  was  flooded  with  argon  during  welding  and 
then  evacuated  and  helium  leak  checked,  using  the  evacuation  tube  shown  in 
drawing  R-1925.  Figure  I-l  in  Appendix  I.  If  the  welds  checked  helium 
tight,  the  evacuation  tube  was  pinched  off  and  sealed. 
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TABLE  I.  PROCESSING  STEPS  AND  CONDITIONS  FOR  FABRICATING 
.22  CALIBER  LINED  GUN  BARBELS 


_ Procegg  Step _ 

1.  Machine  billet  cootponents 

2.  Clean  billet  compouents 

3.  Assemble  billet 
U .  Extrude 

5-  Straighten  extrusion 

6.  Cut  into  barrel  blanks 

7.  Chemically  remove  billet 
and  mandrel  sleeve 

8.  Hone  blank  bore 


9.  Partial  aging  for  swaging 


10.  Swage  rifling 

11.  Straighten  barrels 

12.  Inspect  rifling 

13.  Age  harden  A-266  steel 
lU.  Chamber  barrels 

13.  Rough  machine  OD  contour 

16.  Inspect  bore  straightness 
and  straighten  if  required 

17.  Final  machine  baurrels 

18.  Inspect  barrels 

19.  Install  sockets  and  gas 
cylinders 

20.  Final  inspect 


Process  Conditions  or  Requirements 
Per  dimensions  shown  on  drawing  R-1923 
Degrease »  abrasive  dry  blast  and  rinse 
Per  drawing  R-1925 

2050®F  to  2150®F  preheat  (see  Table  II) 
Sutton  roll  straightener 
Water  cooled  abrasive  wheel 
Hot  10/t  solution  of  H^SOj^  acid 

0.230  to  0.238  inch  ID  and  a  32  micro- 
inch  finish 

1325®F  for  11/2  hours  in  vacuum 
(barrels  TM2-1,  'm3-2,  TM3-3,  and 
TW2-3  only) 

125(  reduction  at  900®F 

Straight  within  0.002  inch  per  foot 
of  length 

Air  gage  check 

132 5 ®F  for  16  hours  in  vacuum 

Per  drawing  R-lh92,  reamer  per 
drawing  R-1927 

Within  O.OUO  inch 

Straightness  checked  visually  on  bore 

Per  drawing  R-IU92 
To  drawing  R- 11*92 
Per  drawing  R-1798 

To  drawing  R-1798 
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from  Which  the  .22  Caliber  Duplex  Barrel  Stock  was  Extruded 


CoextruBton  of  Barrel  Stock 


i 


i 

\ 

> 

I 


Ihe  billets  for  the  .220  Swift  barrels  were  extruded  on  a  1250- ton 
horizontal  Loewy-Hydropres 8  (water  accumulator-actuated)  shown  in  Figure  2. 
The  press  has  a  59-inch  stroke,  a  maximum  ram  closing  speed  of  8U0  inches/ 
minute,  and  a  maximum  pressing  speed  of  U80  inches /minute.  The  U-inch 
resistance  heated  billet  container  was  operated  at  750^F. 

The  conical  entry  extrusion  dies  were  fabricated  from  H-12  tool  steel , 
and  the  cone  and  the  throat  surfaces  were  coated  with  zlrconla  by  the 
Rokide®*  process.  The  extrusion  mandrels  were  made  from  AISI  type  T-1 
tool  steel  hardened  to  Rc  57-60.  The  mandrel  has  a  0.010-inch  taper  to 
help  reduce  the  extrusion  drag  on  the  small  mandrels.  The  die,  mandrel, 
and  the  1010  steel  mandrel  heat  barrier  sleeve  are  shown  in  drawing  R-1921* , 
Figure  1-2,  in  Appendix  I.  The  die,  mandrel,  smd  mandrel  sleeve  are  shown 
in  Figure  3.  The  mandrel  sleeve  which  extrudes  with  the  billet  has  the 
purpose  of  slowing  the  rate  of  heat  flow  from  the  billet  into  the  mandrel 
during  extrusion,  allowing  sufficient  time  to  cooiplete  the  extirusion 
before  the  mandrel  overheats.  The  mandrel  sleeve  is  placed  over  the 
mandrel  with  a  heavy  lubricant  layer  between  the  mandrel  and  sleeve  which 
also  helps  to  reduce  the  rate  of  heat  flow  as  well  as  lubricate  the 
mandrel . 

The  billets  were  placed  in  closed  stainless  steel  cans  and  preheated 
for  2  1/2  to  3  hoxurs  to  the  temperatures  indicated  In  Table  II.  The  pre¬ 
heating  was  in  a  resistance-heated  air  atmosphere  furnace,  and  the  stainless 
cans  helped  to  reduce  billet  oxidation.  The  extrusion  die  was  preheated 
to  750®F  prior  to  the  extrusion,  but  neither  the  mandrel  nor  the  mild 
steel  mandrel  sleeve  was  preheated.  After  removal  from  the  furnace,  the 
billet  is  quickly  loaded  into  the  extrusion  container  along  with  a 
graphite  block  machined  to  accommodate  the  mandrel  head.  The  purpose  of 
the  graphite  block  behind  the  billet  is  to  clear  the  billet  from  the  die 
and  mandrel  at  the  end  of  the  extrusion  stroke.  The  mandrel,  together 
with  the  heat  barrier  sleeve,  is  inserted  through  the  graphite  block  into 
the  billet  after  the  billet  and  graphite  block  are  loaded  into  the  press 
to  lessen  mandrel  exposure  time  to  the  hot  billet. 

The  die  and  extrusion  container  was  lubricated  with  a  suspension  of 
graphite  and  oil  followed  by  a  coating  of  Pbosphathem  HBI*»  prior  to  each 
extrusion.  No  lubricant  was  applied  to  the  billets.  The  lubricant 
between  the  mandrels  and  the  heat  barrier  sleeve  consisted  of  graphite 
and  copper  fines. 

The  conditions  and  the  results  of  each  extrusion  are  given  in  Table  IT; 
a  typical  coextruslon  is  shown  in  Figure  along  with  a  cut  section  of  the 


**  A  patented  coating  process  by  Norton  Company. 

**  A  hot  steel  extrusion  lubricant  marketed  by  the  Alpha-Molykote 
Corporation . 
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Fip  re  2.  12S0-Ton  Lo^o'  Extrusion  Press  Used  to  Extrude  the  Mllets  for  the  .220  S-lft  Bnrrels 


j. .  i.Hu..<iaf JJI..L4  . . 


TABLE  II.  CONDITIONS  AND  RESULTS  OF  LINED  .220  SWIFT  BARREL  EXTRUSIONS 
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extrusion  showing  the  small  extruded  bore.  Radiographs  of  an  A-206 
steel  extrusion  with  each  of  the  five  types  of  liners  are  shown  in 
Figures  5,  6,  and  7.  As  is  evident  in  Figure  7,  the  T-222  liner  would 
not  coextrude  with  the  A-286  steel  but  instead  extruded  in  lumps  within 
the  steel . 

Blank  Preparation 

The  coextruded  stock  was  cut  into  barrel  blank  lengths*  and  the  bores 
were  prepared  for  swage  rifling  by  first  removing  the  mild  steel  mandrel 
sleeve  and  stainless  steel  billet  center  sleeve  material,  and  then  honing 
the  bore  to  a  diameter  between  0.230  to  0.238  inch  with  a  32-microinch 
finish.  Two  approaches  were  tried  for  preparing  the  blank  bores  for  rifl¬ 
ing.  The  initial,  approach  consisted  of  covinterboring  the  sleeve  materials 
from  the  bores  using  a  gun  counterbore  tool  followed  by  a  light  hcning 
operation  to  provide  the  desired  finish.  This  approach  proved  to  be 
unsatisfactory  as  the  counterbore  tool  would  not  follow  the  extruded  liner 
bore  close  enough  to  prevent  leaving  aresis  with  sleeve  materials  on  one 
side  of  the  bore  while  excess  liner  materials  were  removed  from  the  oppo¬ 
site  side  of  the  bore.  Also,  the  Ta-lOVf  liners  could  not  be  counterbored 
as  the  counterbore  tool  tended  to  seize  to  the  material.  The  barrel 
liner  ID  was  extruded  about  0.010  inch  xinder  the  desired  diameter  range 
to  allow  for  boring  and  honing. 

The  second  approach  consisted  of  first  acid  milling  the  sleeve  mate¬ 
rials  from  the  extruded  barrel  stock  bores  using  a  hot  10  percent  sulfuric 
acid  solution  followed  by  honing  the  bore  to  the  desired  diameter  and 
finish.  The  ID  of  the  blank  liners  was  extruded  to  a  diameter  of  about 
0.230  inch  to  allow  material  for  clean-up  during  honing.  This  approach 
provided  the  most  satisfactory  barrels  as  it  did  not  affect  the  uniformity 
of  the  liner,  and  all  liner  materials  used  could  be  prepeured  by  this 
approach.  The  barrels  supplied  under  this  contract  were  all  prepared  by 
this  approach. 

The  barrel  blanks  were  centerless  ground  to  an  outside  diameter  of 
1.310  inches  for  swage  rifling.  The  condition  of  the  barrel  stock  was 
as-extruded  with  no  subsequent  heat  treatments  prior  to  swaging  except 
on  blanks  'IM2-1,  TM3-2,  1M3-3,  and  TV2-3  (see  Table  III)  which  were 
partially  aged  in  an  attempt  to  better  match  the  hardness  of  the  barrel 
material  to  the  liner  material  to  provide  a  smoother  rifling.  The  A-286 
steel  was  about  85  to  100  Rg  as-extruded  and  with  a  1  1/ 2-hour  1325'*F 
partial  ctge  the  hardness  was  about  27  Rc>  hardness  of  the  molybdenum 

alloy  liners  was  about  270  DPH  as-extruded,  and  the  hardness  of  the  L605 
liner  was  about  22  Rc  as-extruded. 

Each  barrel  was  welded  to  a  steel  heuidle  so  that  the  entire  barrel 
length  could  be  fed  through  the  swage. 
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Extrusion  MTl  Extrusion  THl 

Lead  End  Center  Tail  End  Lead  End  Center  Tail  End 


Figure  5.  Reidiographs  Showing  Sections  of  the  Molybdenum  Alloy  Liners  in  A-286  Barrel  Stock 
at  the  Lead  End,  Center,  and  Tail  End  of  Exti*usions  MTl  and  TMl.  The  Peirallel 
Broad  Dsirk  Lines  are  the  Liner  Material. 


Lead  End 


Extrusion  T21 
Center 


Tail  End 


T-222  Liner 


Figure  7,  Radiographs  Showing  the  Results  of  Coextruding  T-222 
Alloy  with  A-286  Steel.  The  Dark  Areas  are  the  T-222  Material. 


Rifling 


Die  lined  barrel  blanks  vere  rifled  by  rotary  Bwaging  the  barrels 
over  a  tungsten  cazblde  nandrel.  The  Bandrel  location  vithln  the  swage 
is  fixed,  and  the  baxrel  blank  noves  orer  the  mandrel  as  it  is  irlfled.  A 
5F  U-die  Fenn  rotazy  swage,  shown  in  Figure  8,  was  used  for  the  swaging 
operation.  The  swaging  dies  were  made  of  H-13  tool  steel  and  vere  the 
R-2  die  set  shown  on  drawing  H-3>256h6,  Figure  I>3»  in  Appendix  I.  Die 
rifling  mandrel  shown  in  Figure  9  with  a  section  of  a  rifled  barrel  was 
made  of  carboloy  33B.  A  drawing  of  the  mandrel  (drawing  R'-lU93,  Part  1, 
Figure  is  also  shown  in  Appendix  I. 

All  the  barrel  blanks  vere  preheated  to  900°F  in  a  ttibe  furnace 
prior  to  swaging  to  prerent  cracking  the  molybdenum  alloy  and  li605  liners. 
The  Ta-lQftf  alloy  liner  could  be  cold  swaged  without  cracking,  but  a  more 
uniform  rifling  was  produced  when  the  blaxiks  vere  preheated  to 
prevent  the  mandrel  from  locking  in  the  blank  during  swaging,  a  light 
graphite  lubricant  was  used  and  the  swaging  technique  was  altered  to  allow 
two  opposing  swaging  dies  to  strike  the  barrel  slightly  ahead  of  the  other 
two  opposing  dies.  This  was  accooqillshed  by  using  different  shim  thickness 
behind  each  x>alr  of  opposing  dies. 

As  determined  by  metallography  of  specimens  from  the  ss-svaged  barrels, 
the  hot  swaging  operation  appeared  not  to  damage  the  bond  between  the  barrel 
steel  and  the  liner  material.  A  swaging  operation  record  of  the  barrel 
blanks  supplied  is  given  in  Table  III. 


Heat  Treatli 


Following  the  rifling  step  the  lined  A-286  steel  barrels  vere  checked 
for  a  strai^tness  of  0.002  Inch  per  foot  of  length  and,  if  neceasazy, 
straightened  to  this  requirement.  After  straightening,  the  A-286  steel  was 
age  hardened  by  holding  the  barrels  at  1325®F  in  a  vacuum  for  l6  hours. 

The  vacuum  was  used  to  protect  the  refractory  liners  during  the  long  time 
at  temperature. 


Samples  of  extruded  A-286  steel  barrels  vere  solution  heat  treated  to 
determine  the  effect  aa  the  bond  and  evaluate  the  need  for  a  solution  best 
treatment  following  extrusion.  The  solution  heat  treatment  consisted  of 
heating  to  l800^  for  one  hour  followed  by  an  oil  quench.  No  detrlmentekl 
effect  on  the  bond  was  discernible,  but  the  solution  heat-treated  barrels 
appeared  not  to  have  any  advantage  over  the  as -extruded  barrels  for  swage 
rifling  or  in  the  properties  of  the  barrel  after  aging.  Tlie  most  desirable 
condition  woxxld  be  to  quench  the  barrels  Immediately  after  extiruaion  to 
prevent  grain  growth  in  the  A-286.  The  A-286  steel  barrels  supplied  In 
this  contract  were  air  cooled  after  extrusion  with  no  subsequent  solution 
heat  treatment.  The  final  barrel  hardness  after  aging  was  in  the  range  of 
29  to  32  Rc. 


Final  Mach in lag  and  Inapectlon 


ISie  rifled  barrel  blanks  were  aaehlned  Into  .220  Svift  barrels  in 
accordance  wltb  drawing  R-IU92,  Figure  1-3  of  Appendix  I,  using  conven- 
tional  machining  techniques.  The  first  step  was  chaad>ering  which  was 
accomplished  using  a  hl^  speed  steel  routing  reamer  followed  bx  a 
carbide  finishing  reamer,  drawing  R-192T  (Figure  1-6  of  Appendix  I). 

The  carbide  reamer  would  not  satisfactorily  cut  the  Ta-lOtf  lined  barrels 
tending  to  gall  and  seise.  This  was  allerlated  hx  using  nl^  speed  reasMrs 
for  the  entire  chambering  step,  ^e  molybdenum  and  tantalum  alloy  under 
materials  were  very  abrasive,  requiring  frequent  resharpening  of  the 
reamers . 

PoUotflng  chambering  the  outer  diameter  contour  of  the  barrels  was 
then  rou^  turned  to  near  the  finish  dlmenaionB  and  then  bore  checked  for 
straightness.  If  necessary,  the  barrels  were  strai^tened  before  going 
on  to  finish  machine  the  barrel.  Ihe  finish  machined  .220  Swift  barrel  is 
shown  in  Figure  10. 

The  rifling  in  the  barrels  was  checked  for  dimensioned  accuracy  with 
an  air  gage  following  swaging  and  again  during  the  final  inspection.  The 
bore  and  chasiber  were  inspected  with  a  bores  cope  to  determine  tbe  finish 
condition  of  the  rifling  and  chamber.  The  finish  chamber  reamers  were 
ground  to  provide  the  desired  chaslier  form  and  dimensions  and  were  checked 
with  an  optical  comparator  Initially  and  ad^er  each  sharpening  to  insure 
the  shape  and  accuracy.  headspace  was  checked  using  a  flush-pin  gage 
which  is  shown  in  drawing  R-1926,  Figure  I-T  of  Appendix  I.  Tbe  barrel 
diameter  outer  cemtour  and  thread  were  Inspected  using  conventional 
inspection  tooling  and  thread  gages.  The  final  inspection  records  are 
given  In  Api>endlx  III. 

Socket  and  Cylinder  As8end>ly 

After  inspection  the  barrels  were  asseobled  with  the  cbajii>er  sockets 
and  gas  cylinders  supplied  by  the  program  sponsor.  The  assembly  was  in 
accordance  with  drawing  R-1798,  Figure  1-8,  in  Appendix  I.  The  0.110-lnch 
gas  hole  from  the  gas  cylinder  into  the  barrel  bore  was  made  by  electrical 
discharge  machining  which  left  a  clean  burr-free  hole  into  the  bore.  Three 
barrels  with  the  sockets  and  gas  cylinders  installed  are  shown  In  Figure  11 
along  with  a  close-up  of  an  installed  chamber  socket. 

The  results  of  the  final  inspection  of  the  asseniblies  are  uJ  ^(.  given 
in  the  inspection  records  in  Appendix  III. 


23 


JTE* 


Cylinders  and  Sockets 
a  Close-Up  View  of  a 


SECTION  V 


25MM  BARREL  FABRICATION 


FABRICATION  APPROACH 


Table  IV  lists  the  process  steps  In  sequence  and  the  conditions 
which  were  imposed  at  each  step.  The  lined  barrel  stock  was  produced  by 
coextrusion  which  was  accomplished  on  a  large  extrusion  press  operated 
by  Reactive  Metals,  Inc.,  Astabula,  Ohio.  The  coextruded  barrel  blanks 
were  rifled  and  machined  into  25mm  QAU«-7/A  barrels  by  Phllco-Ford  Corpo¬ 
ration,  Newport  Beach,  California.  A  process  sequence  chart  is  shown  in 
Figure  12  which  depicts,  in  order,  the  major  steps  in  fabricating  the 
lined  25nim  barrel. 

The  fabrication  process  will  be  divided  into  five  steps  for  this 
discussion:  (l)  billet  fabrication,  (2)  coextrusion  of  the  barrel  stock, 
(3)  blank  preparation,  (^)  rifling  and  final  machining,  and  (5)  inspection. 

Billet  Fabrl cation 


The  design  of  the  duplex  coextrusion  billet  used  for  the  final  fouj 
coextrualons  is  shown  in  drawing  R-1838,  Figure  IV-l  in  Appendix  IV.  The 
8-inch  assembled  billet  is  shown  in  Figure  13.  "nie  billet  center  sleeve 
was  1010  steel,  and  both  end  caps  were  fabricated  of  1020  steel.  The 
billet  center  sleeve  on  the  first  four  war  0.095-lnch  thick  but  was 
increased  to  0.120-inch  thick  on  the  next  four  billets  to  help  reduce 
chilling  of  the  L605  liner  by  the  relatively  cold  mandrel  and  mandrel 
sleeve.  Both  billet  seal  caps  were  made  of  301*  stainless  steel  and  serve 
the  purpose  of  sealing  the  billet  Interior.  The  flex  seal  cap  on  the  tail 
end  of  the  billet  is  designed  to  accommodate  the  difference  in  thermal 
expansion  between  the  A-286  billet  and  the  mild  steel  sleeve  and  thus 
prevents  tearing  the  welds  on  the  billet  center  sleeve  during  preheat. 

This  flex  seal  was  increased  in  diameter  for  the  second  group  of  billets 
to  further  reduce  the  stresses  in  the  weld. 

All  components  in  the  billets  were  cleaned  prior  to  assembly  by 
degreasing  in  trlchlorethylene  followed  by  a  hot  deionized  water  rinse. 

In  addition,  the  A-286  steel  billet  and  L605  liner  were  chemically  bright 
etched  followed  by  a  rinse  to  Insure  the  optimum  surface  cleanliness 
for  bonding.  The  billets  were  assembled  and  TIG  welded  using  Hatalloy  W 
filler  rod.  The  inside  of  the  billets  was  flooded  with  argon  while 
making  the  welds  on  the  seal  caps.  These  welds  were  then  checked  by 
evacuating  the  billet  and  helium  leak  checking.  If  the  weld  checked 
helium-tight,  the  evacuation  tube  was  pinched  off  and  sealed.  The  mild 
steel  end  caps  were  then  welded  to  each  end  of  the  billet. 


TABLE  rV 


PROCESSING  STEPS  AND  CONDITIONS  FOR  PABRICATIHG 
25)M  LINED  GUN  BARRELS 


_ Process  Step 

1.  Machine  billet  coi^onents 

2.  Clean  billet  conponents 

3.  Asseable  billet 
U .  Extrude 

3.  Stral^ten  extrusion 

6.  Cut  Into  barrel  blank  lengths 

7.  Chemically  remove  billet  and 
mandrel  sleeve 

8.  Age  harden  A-286  steel 

9.  Rough  turn  OD  and  check 
straightness 

10.  Hone  blank  ID 

11.  Rifle  bore 

12.  Rough  machine  OD  contoxu: 

13.  Check  bore  straightness 
and  conrect  as  required 

lU.  Final  machine  barrels 
13.  Inspect  barrels 


Process  Conditions  or  Reoulraaents 

Per  dimensions  shown  on 
drawing  R-I838 

Degrease  and  chemically  clean 

Per  drawl ng  R-1838 

20h0  to  2150®P  preheat 
(See  Table  V.) 

100-ton  gap  press 
(within  0.003  in. /ft  on  OD) 

Cut  with  an  abrasive  saw 

10$  solution  of  HNOj  acid 

1325®P  for  16  hours 

To  ^  2-1/2  in.  OD  and  strai^t  to 
within  0.002  in. /ft  on  bore 

Hone  to  barrel  bore  dimension 
0.98^*  +  0.002  inch. 

Machine  rifle  per  Philco-Ford 
drawing  U7U08  (EMI  G\m) 

Leave  sufficient  material  foi¬ 
st  raightening 

Straight  to  within  0.002  in. /ft 
on  bore 

Per  Phllco-Ford  drawing  ^7^08 
(EMI  Gun) 

All  dimensions  to  Philco-Ford 
drawing  U7U08  (EMI  Gun) 


25miii  Duplex  Barrel 


Figure  13. 


Eight- Inch-Diameter 


Billet  for  Which  the 
Were  Extruded 


Coextrusion  of  Billets 

The  S-inch-diameter  billets  were  extruded  on  a  3850-ton  horizontal 
Loewy  press  (accumulator  actuated)  operated  toy  Reactive  Metals,  Inc., 
Ashtabula,  Ohio.  This  press,  which  is  shown  in  Pigure  lU,  has  a  maximum 
pressing  speed  of  150  inches /minute.  The  8-inch  gas-heated  container  was 
operated  at  700 ®P. 

•nie  die  and  die  cone  shown  in  drawing  R-I923,  Figure  IV-2  of 
Appendix  IV,  were  fabricated  from  H-12  tool  steel.  The  die  insert  was 
fabricated  from  Duplicast  EDX  to  withstand  the  hi^  billet  temperatures. 

The  mandrels  were  made  from  AISI  type  T-1  tool  steel.  The  mandrels  had 
a  taper  of  O.OOl/inch  of  length  to  gradually  reduce  the  diameter  of  the 
mandrel  toward  the  tip  which  will  reduce  the  extrusion  drag  on  the  mandrel. 
Descriptions  of  the  extrusion  tooling,  mandrel,  and  mandrel  sleeve  are 
given  in  drawing  R-1923.  The  mandrel  sleeve  performs  the  same  function 
as  described  under  .220  Swift  barrel  fabrication. 

The  billets  were  preheated  In  a  gas-fired  furnace  for  3  to  U  hours 
with  a  slightly  oxidizing  atmosphere  to  the  temperatures  indicated  in 
Table  V.  Short  graphite  plugs  were  placed  in  each  end  of  the  initial 
four  extrusion  billets  during  preheat  to  help  reduce  the  oxidation  of 
the  mild  steel  center  sleeve.  Stainless  steel  plugs  replaced  the 
graphite  plugs  for  the  second  group  of  billets.  As  can  be  seen  in 
Table  V,  the  mandrels  and  sleeves  were  preheated  to  about  U25®F  except 
for  the  mandrel  and  sleeve  for  extrusion  6L52  which  was  preheated  to 
about  250®F  and  the  mandrels  and  sleeves  for  extrusions  6L53  and  6L5U 
which  were  used  at  room  temperature.  A  very  poor  liner  ID  surface  resulted 
in  6L53  and  615**  which  was  attributed  to  excess  chilling  of  the  billet 
liner  from  the  unheated  mandrels  and  sleeves. 

The  surfaces  of  the  dies,  cones,  and  mandrels  were  prepared  for  extru¬ 
sion  by  baking  on  a  coating  of  molydisuiride.  The  liner,  dies,  cones, 
and  mandrels  were  lubricated  with  Flake  60lt-D  Modified*  before  each 
extrusion.  The  mandrels  were  preheated  within  the  mild  steel  sleeves  with 
the  lubricant  between  the  mandrel  and  sleeve  in  place. 

After  removal  from  the  furnace  the  billet  was  quickly  moved  to  the 
press  and  loaded.  The  last  step  Just  prior  to  extrusion  was  the  insertion 
of  the  mandrel  and  sleeve  into  the  billet  with  the  press  mandrel  cylinder. 
This  lessens  the  mandrel  exposure  time  to  the  hot  billet. 


*  A  commercial  hot  extrusion  lubricant. 


30 


TABLE  V.  CX)in)ITIONS  ABD  RESULTS  OF  DUPLEX  25MM  BARREL  EXTRUSIONS 
(A-286  STEEL  BARREL  WITH  l605  LINER) 
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lotes:  (a)  Reduction  ration  baaed  00  billet  and  extrualon  dlnenalona. 

(b)  Mandrels  preheated  Inside  sleeves  vltta  lubricant  In  place. 

(c)  Billet  OD  chilled  during  delay  in  loading. 


The  conditions  and  results  of  each  extrusion  are  given  in  Table  V,  and 
extrusions  6L53  and  6L3^  along  vith  close-up  vievs  of  their  surfaces  are 
shown  in  figure  15 •  Extrusions  6L51  and  6L52  can  be  seen  in  Figure  16. 
Extnision  6L52  shows  a  longitudinal  crack  which  developed  from  a  hot-short 
condition  in  the  A-266  steel  due  to  the  billet  preheat  tengwrature  being 
too  high. 

All  extrusions  were  quenched  in  water  isBaedlately  after  extruding  to 
maintain  the  A-266  steel  in  the  solution  condition.  A  delay  of  about 
3  minutes  after  exti-usion  prior  to  quenching  was  used  on  extruslous  6L56, 
6L57>  and  6L58  to  promote  a  wider  diffusion  zone  between  the  A-286  steel 
and  the  L605  liner. 

Blank  Preparation 

The  extrusions  were  first  straightened  on  a  gap  press  to  a  strai^tness 
of  0.003  inch/foot  on  the  OD  surfaces.  The  extrusions  were  then  cut  to  the 
desired  blank  lengths,  and  the  mild  steel  mandrel  and  billet  sleeve  mate¬ 
rials  were  chemlceLlly  removed  from  the  bores  using  a  solution  of  10  per¬ 
cent  nitric  acid.  A  transverse  section  of  extrusion  6L55  after  removal  of 
the  mild  steel  sleeves  is  shown  in  Figure  IT. 

Following  the  removal  of  the  mild  steel  extrusion  sleeves,  the  A-286 
steel  was  age  hardened  by  heating  the  barrel  blanks  to  1325*’F  and  bolding 
for  16  hours.  Table  VI  shows  the  hardness  of  the  A-286  steel  barrel  and 
the  L605  liner  before  and  after  aging. 


TABLE  VI.  HARmSSS  OF  A-286  STEEL  AHD  L605  ALLOYS  IH  25M(  BARREL  BLAHKS 
AS-EXTRUDED  AHD  AFTER  AGIHG  FOR  I6  HOURS  AT  1325*F 


Bcu7el 

a-286 

H-286 

Number 

Condition 

Jjggjj_0D 

Hear  Liner 

L605 

6L55 

As-Extruded 

79Rb 

7% 

99R3 

6L56 

Aged 

32R 

c 

32B 

c 

2I1R 

c 

6L58 

As-Extruded 

7BB3 

100R3 

6L58 

Aged 

31B 

c 

30B 

c 

2Ur 

c 

The  hardened  blanks  were  checked  for  bore  straightness  and,  if 
necessary,  straightened.  The  OD  was  then  rough  turned  to  a  diameter  of 
about  2-1/2  Inches  to  bring  the  OD  concentric  to  the  blank  bore.  A 
blank  as  aged  and  three  blanks  after  rough  machining  the  OD  are  shown 
in  Figure  18. 
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Figure  15-  ExtrusionB  6L53  and 

As-Extruded  (Top)  and  a 
Close-Up  Showing  the  OD 
Surfaces  (Bottom) . 


The  barrel  bores  vere  laachlne  boned  to  the  (LAU-T/A  barrel  bore  size 
and  finish  machined  by  Clark  and  Vlheeler  Engineering  Inc . ,  Paramount , 
California.  Die  barrel  blank  bores  were  honed  from  an  average  diameter 
of  0.9lt5  Inch  to  the  0.98U  Inch-bore  diameter.  With  further  coextrusion 
development  and  the  use  of  a  straight  extrusion  mandrel  the  liner  bore 
diameter  of  the  barrel  stock  could  probably  be  extruded  to  within  0.010 
to  0.015  Inch  of  the  finish  bore  diameter. 

Rifling  and  Final  Hachlnlng 

The  honed  bores  vere  rifled  by  Fhllco-?ord,  Inc.  using  the  barrel 
rifling  approach  developed  for  the  homogeneous  QAU-7/A  barrel.  A  single 
point  cutting  tool  was  used  to  cut  the  rifling.  The  cutting  tool  was 
mounted  to  a  stiff  rod  vhlch  was  rotated  by  a  cam  action  to  generate 
the  gain  twist  rifling.  The  L605  appeared  to  machine  very  satisfactorily 
by  this  approach,  cutting  sharp  rifling  with  a  very  good  finish.  The 
rifling  was  in  accordance  with  Philco-Pord  drawing  UT^tOd,  Plgure  IV-3  in 
Appendix  IV. 

The  rifled  barrel  blanks  vere  then  machined  to  the  req,ulrement8 
specified  on  Phllco-7ord  drawing  (911  Oun).  The  blanks  were  first 

rough  turned  to  near  the  final  dimensions,  and  the  stral^tness  was 
checked  and  corrected.  If  necessary,  before  machining  to  the  fined  dimen¬ 
sions.  Die  completed  barrels  are  shown  In  Plgure  19. 

Final  Inspection 

Final  inspection  of  the  three  completed  25m  barrels  was  performed 
by  Philco-Ford,  Inc.  The  final  inspection  report  Is  included  in 
Appendix  VI.  The  rifling  was  air  gaged  and  the  results  are  Included 
In  this  report .  The  external  contour  dimensions  vere  checked  by  con¬ 
ventional  Inspection  tooling. 
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SEcnoH  in 


DISCUSSION 


.220  SWIFT  BABBEL  FABRIC 


A  total  of  15  billets  were  extruded  In  this  prograa,  of  which  three 
had  a  TZM  liner,  three  had  a  Me-0.5T1  liner,  four  had  an  L605  liner, 
three  had  a  Ta-lOW  liner,  and  two  had  a  T-222  liner.  The  TZM,  )fo-0.5Tl, 
L605,  and  Ta-lOW  coextruded  satisfactorily  with  the  A-286  steel  barrel 
material.  The  Ta(  and  the  Mo-0.5n  billet  materials  were  recrystallized 
to  lover  the  strength  and  Ij^rove  the  ductility  of  these  materials  for 
coextrusion.  Previous  experience  In  coextruslon  of  these  alloys  showed 
that  the  material  In  the  hot-cold  worked  and  stress  relieved  condition 
votild  not  coextrude  satisfactorily  with  the  A-266  steel  as  the  strength 
and  ductility  mismatch  was  too  great.  The  work  is  put  back  Into  the 
molybdenum  liners  during  coextrusion  producing  a  slightly  coarser  texture 
with  an  as-extruded  hardness  ol  about  270  diamond  pyramlnd  heirdness  (DFH). 


A  transverse  and  longitudinal  view  of  coextruded  barrel  liners  of 
TZM,  M0-O.5TI,  L605,  and  Ta-lOW  alloys  and  the  Interface  between  the  liners 
and  the  baurrel  steel  can  be  seen  In  Figures  20,  21,  22,  and  23.  The  liner 
microstructures  are  shown  In  Flgiire  2k.  The  ssoples  were  all  from  the 
coextruded  stock  used  In  producing  the  barrels  supplied  under  this  contract. 
The  A-286  steel  microstru  ture  near  the  extiruslon  OD  and  the  liner  of 
extrusion  MTS  aure  shown  in  Figure  25.  The  outer  materlaU.  cools  more  rapidly 
and  thus  has  smaller  grains. 


As  can  be  seen  by  the  raidiograph  in  Figure  7,  the  T-22  alloy  would 
not  coextrude  with  the  A-286  steel  and  Instead  extruded  In  small  lumps. 

The  difference  In  strength  between  the  steel  and  the  T-222  aiUoy  was  too 
great,  and  the  two  materials  would  not  flow  simultaneously  at  the  extrusion 
temperature.  In  an  attempt  to  match  the  strength  of  the  T-222  ad.loy,  a 
CG-27  steel  was  substituted  for  the  A-286  steel  which  has  about  25  percent 
more  strength  at  the  extrusion  temperature  than  the  A-286  steel .  The  results 
were  about  the  same  with  the  exception  that  smaller  more  frequent  lumps  of 
T-222  were  generated  In  the  coextruslon.  The  T-222  material  was  fully 
recrystallized,  but  a  hot  worked  stress  relieved  material  may  provide  a 
slightly  more  ductile  material  with  lower  strength. 


One  problem  encoiintered  In  this  program  was  the  preparation  of  the 
extruded  baxrel  blank  bores  for  rifling.  The  blank  bore  surfaces  should 
have  a  finish  nearly  as  good  as  desired  in  the  finish  bore  to  Insure  an 
acceptable  finish  ^Pter  rifling.  Initially,  it  was  planned  to  bore  out 
the  billet  and  mandrel  sleeve  materials,  removing  Just  enoxagh  of  the 
barrel  liner  to  insure  good  clean-up  of  the  surface.  However,  the  bor¬ 
ing  tool  did  not  follow  the  hole  in  the  bore  closely  enough  to  provide 
uniform  clean-up  and  maintain  a  uniform  liner  thickness.  Also  the 
Ta-lOW  would  not  bore  as  the  tool  seized  to  the  material.  The  problem 
was  overcome  by  extruding  the  barrel  stock  with  a  slightly  larger  bore 
size  and  chemically  removing  the  billet  and  mandrel  sleeves.  The  hole 
was  then  honed  to  the  desired  finish  for  swaging. 
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Showing  the  Bond  Line  of  Extrusion  MTS 
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Figure  22,  Sections  of  the  As-Extruded  Liner  and  Metallography 
Shoving  the  Bond  Line  of  Extrusion  L5U 


Pigitre  25.  MlcrostructureB  of  the  A-286  Steel 

In  Extrusion  MTS  As-Extruded  at  2100°P 


The  first  two  billets  (TMl  and  L5I)  were  extruded  at  2050®F.  Rifl¬ 
ing  tests  with  the  l605  lined  oaterial  from  L^l  produced  rifling  with 
small  cracks  at  the  root  of  the  rifling,  as  con  be  seen  in  Figure  26.  A 
blank  from  this  extrusion  was  annealed  at  2200^F  and  quenched.  Rifling 
test  on  this  blank  produced  a  crack-frec  rifling.  The  subsequent  L605 
lined  extnisions  were  made  at  2150^F,  and  no  cracks  in  the  rifling  were 
apparent.  A  comparison  of  the  l605  mlcrostructures  as-received  in  the 
solution  condition,  after  extruding  at  2150®F  and  after  extruding  at 
2050°F,  is  shown  in  Figure  27.  Rote  the  significant  difference  in  grain 
size  between  these  three  materials.  The  hardness  of  the  as-received 
material  v&a  about  21  Rc,  the  hardness  of  the  21^0^  extruded  material 
was  about  22  Rc,  and  the  hardness  of  the  2050^  extruded  material  was 
about  25  Rc.  During  rifle  swaging  the  hardness  of  the  materiel,  increases 
to  about  35  Rc* 

Difficulty  was  encountered  in  rifling  the  Ta-lOfW  lined  barrels  as 
this  materieLl  had  a  tendency  to  seize  to  the  rifling  mandrel  and  gall 
the  bore  even  with  a  light  graphite  lubricant.  By  keeping  the  rifling 
mandrel  coated  with  a  thin  film  of  Electrofiln  1000*,  the  tendency  to 
gall  was  substantially  reduced.  However,  this  coating  had  to  be  replaced 
after  swaging  a  few  barrels.  Further  exploration  of  swaging  lubricants 
is  needed  for  this  material. 

25MM  BARREL  FABRICATION 


The  four  billets  in  the  first  group  were  all  pr^eated  to  2150®F. 

Ihe  second  extrusion  split  longitudinally,  indicating  a  hot-short  condition 
in  the  A-286  steel  as  can  be  seen  in  Figure  I6.  The  temperature  on  the 
second  and  third  extrusions  (6L53  and  6L5U)  was  then  dropped  to  2OU0®F  and 
extruded  providing  good  OD  surfaces  on  these  extnisions.  The  mlcrostruc- 
tures  of  the  A-286  in  the  first  extrusion  (6L51)  which  was  extruded  at 
2].50®F  and  the  fourth  extrusion  which  was  extruded  at  20U0®F  ceui  be  seen 
in  Figure  28.  The  microstructure  near  the  OD  of  the  extrusion  shows  about 
the  sane  grain  size  for  both  extrusions  while  the  grains  near  the  liner  in 
6L51  are  noticeably  larger  than  the  grains  in  6L51<  In  the  same  location. 
This  undoubtedly  results  from  the  extrusion  container  chill  on  the  billets 
which  reduces  the  temperatures  significantly  near  the  OD  while  not 
affecting  the  temperature  of  the  material  near  the  billet  liner.  The 
effect  of  the  billet  preheat  temperature  on  the  L605  grain  size  is  also 
evident  in  Figure  29.  The  higher  2150®F  preheat  teiQ>erature  of  extrusion 
6L51  resulted  in  considerably  larger  grains  than  in  extrusion  6L58  which 
was  extruded  at  2090®F.  The  as-extruded  hardness  of  the  L605  was  about 
the  same  for  both  extrusions. 

The  mandrels  and  sleeves  were  preheated  for  the  first  two  extrusions 
but  were  not  preheated  for  the  third  and  fourth  billets.  The  ID  surfaces 
on  the  first  two  extrusions  were  fairly  smooth  after  removal  of  the 


*  A  solid  film  lubricant  product  of  Electrofilm,  Inc. 
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Figure  28.  The  A>286  Microstructures  in  Extroslons  6L51 
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In  Extrusions  6L51  and  6L58 


the  extrusion  sleeves •  but  the  surfaces  vers  very  rough  on  the  next  two 
billets.  Examination  of  the  surfaces  on  the  second  two  extrusions 
Indicated  that  the  1605  liner  bore  isaterlal  had  chilled  sufficiently  that 
It  did  not  flow  smoothly  but  tended  to  tear  and  extrude  with  a  rough 
surface.  This  Indicated  the  necessity  for  preheating  the  mandrels  and 
sleeves  for  each  extrualon. 

Examination  of  the  first  four  extrusions  revealed  that  all  appeared 
to  have  poor  bonds  between  the  barrel  steel  and  the  liner.  Indicating 
possible  leaks  In  the  billets  during  preheat.  The  leaks  may  have  resulted 
from  failures  In  the  billet  seal  welds  or  possibly  the  graphite  plugs 
idilch  were  placed  In  each  end  of  the  billet  to  protect  the  center  sleeve 
from  excess  oxidation  may  have  reacted  (carbon-iron  eutectic  reaction), 
with  the  steel  center  sleeve  causing  the  billets  to  leak. 

To  improve  the  liner  ID  surface  of  the  Phase  II  extruded  barrel 
stock,  the  wall  thickness  on  the  center  sleeve  was  Increased  0.020  Inch  to 
help  reduce  the  chill  on  the  l605  billet  liner  from  the  mandrel  and 
sleeve.  Also  the  mandrel  and  sleeve  were  all  preheated  to  about 
for  each  extrusion.  The  billet  preheat  temperature  was  changed  to  2100 
which  was  low  enough  to  prevent  hot-shortness  In  the  A-286  steel,  yet 
hlgli  enough  to  leave  l605  liner  In  a  condition  which  would  easily 
machine  rifle. 

To  lessen  the  possibility  of  a  poor  bond  In  the  Phase  II  extrusions 
from  billet  leaks,  a  larger  dlsmeter  end  seal  flex  cap  was  used  to  provide 
a  mere  flexible  end  cap  to  reduce  the  chance  of  cracking  a  seal  weld  during 
preheat.  Also  the  extrusion  area  reduction  rates  on  the  billet  were  changed 
from  7.5/1  to  10/1  which  will  further  enhance  bonding.  The  plugs  which 
were  placed  In  the  hllAet  ends  to  help  prevent  excessive  oxidation  of  the 
mild  steel  billet  center  sleeves  were  changed  from  graphite  to  stainless 
steel  to  eliminate  the  possibility  of  on  Iron-carbon  reaction. 

The  above  described  changes  made  cn  the  Phase  II  billets  and 
extrusion  procedures  were  beneflcled  in  Improving  both  the  bond  between 
the  barrel  and  the  liner  and  the  surface  of  the  barrel  stock  bores . 

Figure  30  shows  the  microstz\icture  of  the  A-286  and  l605  in  extrusion 
6L^6  and  the  Interface  between  the  liner  and  the  barrel.  Figure  31  shows 
the  Interfaces  for  extrusions  6L57  and  6L58  and  the  microstructure  of  the 
A-266  In  6L57  and  the  L605  Id  6L56. 

The  hardness  of  the  L605  as-extruded  was  about  98  B3  and  Increased 
slightly  to  about  2U  Eg  diiring  aging  of  the  A-286  steel.  Although  the 
liner  was  readily  machinable  during  rifling,  a  harder  l605  liner  may  be 
desirable  for  longer  barrel  life. 
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Figure  30,  Microetructures  of  the  A-286  Steel  and  L60^  Liner 
and  the  Interface  Between  These  Materials 
After  Age  Hardening.  Barrel  Extrusion  6L56. 
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Figure  31.  Microstructures  of  the  A-286  Steel  in  Extrusion  6L57 
As-Extruded  and  of  the  L605  Liner  in  Extrusion  6L58 
After  Aging  at  1325®F  Together  with  Views  of  the 
A-286  to  L605  Interfaces 


SBCnOM  VII 


COMCIiUSIORS  AMD  RBCOMIBIDATIONS 


The  .220  Swift  barrel  prograa  demoostrated  that  both  nolybdenia 
allogrs  TZM  sad  Ho-0.3Tl,  the  L605  allcr,  and  the  Ta-lOW  alley  oould  be 
satiafactorllj  ooextruded  Into  barrel  stock.  However,  the  tantalum 
alloy  T-<222  would  not  coextrude  satisfactorily.  A  possible  solutltm 
vould  be  to  design  the  billet  and  a  billet  heating  system  such  that 
the  T~222  billet  liner  could  be  heated  to  a  hl^er  teiq>erature  than  the 
steel.  Also,  an  Intemedlate  material  between  the  steel  and  the  T-222 
in  the  billet  vhl<±  has  a  strength  between  the  barrel  steel  and  the 
T-^22  liner  at  the  extrusion  temperatures  may  aid  coextinision. 

Coeztrusion  of  the  25ms  barrel  stock  showed  that  the  A-286  steel 
and  l605  alloy  combination  which  was  coextruded  into  .22  caliber  barrel 
stock  could  be  coextruded  into  the  larger  25m  barrel  stock  using  the 
same  beisic  coextrusion  techniques.  Other  siaterlal  coaibinatlons  which 
where  successfully  coextruded  to  small  bore  barrel  stock  should  also 
coextrude  to  larger  bore  barrel  stock  using  the  same  basic  techniques. 

While  barrel  stock  with  a  full  length,  fully  bonded  liner  can  be 
produced  by  coextrusion,  siibsequent  operations  are  necessary  to  provide 
the  desired  finish  and  dimensions  on  the  barrel  liner  bore.  Honing  was 
used  to  produce  the  desired  finish  on  both  the  .222  Swift  and  25am  barrel 
stock  and  was  used  to  bring  the  25nm  barrel  stock  to  the  final  bore  size. 
Honing  maintains  the  liner  uniformity  but  is  s  very  slow  and  costly 
operation,  particulary  for  the  tantalum  and  molybdenum  alloys.  An  alter- 
nate  approach  idilch  wo\ild  be  much  faster  than  machine  boning  would  be  to 
abrasive  Jet  hone  the  barrel  blank  bores  after  chemically  removing  the 
steel  extrusion  sleeves.  A  two-step  operation  may  be  required.  The 
first  step  would  use  a  coarse  particle  grit  followed  by  a  fine  particle 
grit  to  obtain  a  good  finish  in  the  second  step.  Following  the  abrasive 
Jet  honing,  the  barrel  could  either  be  swage  rifled  or  svaged  over  a 
smooth  mandrel  to  the  finish  bore  size  if  the  rifling  is  to  be  machined 
into  the  barrel.  Once  this  approach  is  established,  the  cost  of  th'- 
■coextruded  barrel  should  be  substantially  reduced. 

The  hardness  of  the  L605  liner  in  the  three  completed  ?5nmi  barrels 
could  be  Increased  by  coextruding  the  barrel  blanks  at  a  temperature  of 
20^0®F  or  less  and  swage  the  blank  bore  to  the  desired  diameter  over  a 
smooth  mandrel  rather  than  honing  to  size.  The  lower  extrusion 
temperature  plus  the  subsequent  cold  work  should  Increase  the  hardness 
to  about  30  Rc.  The  liner  would  be  more  difficult  to  machine  rifle  but 
may  provide  a  barrel  with  a  longer  life .  The  above  coextrusion  tempera¬ 
ture  should  be  over  2100®F  for  L605  lined  barrels  if  the  barrel  is  to 
be  swage  rifled.  This  prevents  cracks  in  the  rifling  that  occurred  in 
the  .220  Swift  barrels  which  were  extruded  at  2050®F.  The  softer  material 
vil^  work  harden  to  over  30  !Rc  during  swage  rifling. 
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This  was  a  research  and  development  program  on  lined  gun  barrels  directed 
toward  selecting  desirable  barrel  and  liner  material  combinations  which  will 
increase  the  life  of  barrels  in  rapid  fire  gun  systems  and  developing  the  fabri¬ 
cation  processes  for  producing  these  barrels  with  a  metallurgically  bonded  liner 
Coextrusion  was  used  as  the  method  for  producing  the  lined  barrel  stock.  The 
program  was  divided  into  two  parts  with  the  first  part  directed  toward  producing 
lined  .220  Swift  barrels  of  selected  material  combinations  for  testing  in  the 
M-60  gun.  The  second  part  was  directed  toward  producing  a  teat  quantity  of  25mm 
barrels  for  testing  in  the  GAU-7/A  Gun  System  using  the  best  material  combinatioi 
and  the  fabrication  techniques  developed  in  the  first  part.  Coextrusion  was  uaei 
as  the  method  for  producing  the  lined  barrel  stock.  A-286  steel  was  selected  as 
the  barrel  material,  and  TOi,  Mo-0, 5Ti,  L605,  Ta-lOW,  and  T-222  were  selected  as 
the  liner  materials  for  the  barrels.  All  the  liners  coextruded  with  the  barrel 
steel  satisfactorily  over  a  small  mandrel  except  T-222.  The  four  successfully 
coextruded  combinations  were  fabricated  into  .220  Swift  barrels  with  swaging 
being  used  to  rifle  the  barrels.  The  A-286  steel  with  a  L605  liner  was  selected 
as  the  most  promising  combination  for  the  25mm  barrels.  The  lined  barrel  blanks 
were  produced  by  coextrusion  on  a  3850-ton  press  using  a  mandrel.  The  coextrude* 
blanks  were  fabricated  into  GAU-7/A  barrels  by  Phllco-Ford  Corporation  us^n,^ 
machining  to  produce  the  GAU-T/A  gain  twist  rifling.  Swage  rifling  over  a  nruidr 
cannot  be  adapted  to  produce  gain  twist  rifling. 
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